Purpose A symbiotic relationship between ovarian granulosa cells (GC) and the developing oocyte is critical. Genetic modulations in GC's can lead to reproductive insufficiency, highlighting the role of GC's in reproductive competence. Utilizing gene expression analyses in cumulus GC's, we attempt to enhance our understanding of mechanisms that may contribute to poor reproductive capacity in young women with diminished ovarian reserve (DOR).
Introduction
Cumulus granulosa cells (GC's) are in intimate contact with the enclosed oocyte, and cross-communication between the somatic GC's and the developing germ cell are integral to the process of folliculogenesis [1, 2] and reproductive competence [3, 4] . Growth and differentiation factor 9 (GDF9) and its homologues bone morphogenic protein 15 (BMP15, also known as GDF9ß) and BMP6 are currently regarded as the best candidate molecules responsible for oocyte regulation of cumulus GC expansion during ovulation, which is imperative for normal oocyte development in vivo [5] . GDF9 induces cumulus GC gene expression of gremlin 1 (GREM1) [5] , a highly-conserved member of the differential screening-selected gene aberrative in neuroblastoma (DAN) family of secreted factors involved in regulating the balance of GDF9 and BMP15 correlated with embryonic development [6] .
A number of recent studies have evaluated cumulus cell GREM1 expression as a function of oocyte competence following ART. Increased GREM1 expression in human cumulus GC's has been associated with better blastocyst formation [7, 8] , good embryo quality and a nonsignificantly improved pregnancy rate [9] , and increased female age and good embryo development but decreased serum progesterone on day of hCG in women who received FSH alone but not FSH and LH [10] . The literature reflects considerable between-patient variation for human cumulus GC GREM1 expression [6, 10] , and given the complexity of the interactions observed and the currently limited knowledge about the function of the cumulus GC genes, it is still difficult to fully explain the biological/causal correlations seen [11] .
We have previously reported on a differential pattern of GC gene expression in young women with diminished ovarian reserve (DOR) compared to those with normal ovarian reserve [12] ; we herein report a significant down regulation in the expression of GREM1, as assessed by quantitative real time PCR (qRT-PCR) in cumulus GC's of women with DOR (n04) versus controls (n04). Given the relevance of GREM1 for normal follicular development and oocyte competence, our observations suggest that downregulation of GREM1 in GC's of women with DOR may be contributory to the reproductive compromise that is well recognized in the context of DOR.
Materials and methods
Details of patient enrollment, inclusion criteria, IVF treatment protocol, cumulus GC isolation, RNA extraction, microarray analysis and PCR methodology have been previously described [12] . Briefly cumulus GC's were collected from eligible infertile women undergoing in vitro fertilization (IVF) cycles at Montefiore's Institute for Reproductive Medicine and Health who provided IRB-approved consent. As per our clinical practice guidelines, highest early follicular FSH levels (days 1-3)≥10.0 mIU/mL identified those with DOR (n04), whereas levels ≤10 mIU/mL and E2<80 pg/mL were taken to reflect normal ovarian reserve (controls, n04). Secondary infertility diagnoses ovulatory dysfunction, endometriosis, and tubal disease with hydrosalpinx were exclusion criteria in an attempt to minimize confounding of data by conditions that have previously been related to distinct GC gene profiles. GREM1 gene expression in cumulus GC's of the control and DOR patients was assessed by qRT-PCR. Results are expressed as relative fold-changes in genes, using the 2 -ΔΔCT method.
Statistical analyses
More than 2-fold difference in GREM1 gene expression between the two groups was considered biologically relevant. Statistical analyses were performed using the nonparametric Mann-Whitney two-sample rank sum test to detect differences in patient characteristics (expressed as median + interquartile range IQR). Student's t-test was used to assess differences in microarray data between control and DOR patients. STATA (Intercooled STATA version 9, Statacorp, College Station, TX) was utilized for microarray and qRT-PCR analyses and p<0.05 was deemed as statistically significant.
Results
Patient characteristics for the two groups (control and DOR) were compared and previously published [12] . Microarray analysis revealed a number of genes downregulated 2-fold or greater in the cumulus GC's from women with DOR compared to controls [12] . Of interest, GREM1 expression was down-regulated as measured by microarray, and this was confirmed by qRT-PCR. Figure 1 compares the microarray and qRT-PCR validation old-changes between control and DOR groups. A 4-fold reduction in the expression of GREM1 was observed in cumulus GC's of women with DOR compared to the controls.
Discussion
While GREM1 is recognized as relevant for folliculogenesis, we are the first to demonstrate an association of GREM1 gene expression in young women with DOR. The 4-fold down-regulation of GREM1 gene expression seen may indicate impaired oocyte function and cumulus GC expansion, associated with poor reproductive outcome. It has been previously shown that increased GREM1 expression in cumulus GC's is a positive predictor of oocyte maturity, fertilization, embryo development and pregnancy rate in women undergoing IVF [6] [7] [8] [9] [10] [11] . Our data suggests a corollary to these findings: that a decrease in GREM1 expression in cumulus GC's is specific to women with diminished reproductive potential. It is possible that patients with markedly reduced cumulus GC GREM1 expression may have an underlying defect in GDF9 or other oocyte-secreted mediators of cumulus GC physiology, thus suggesting a mechanism for reproductive compromise. Genetic variants of GDF9 have been associated with polycystic ovarian syndrome, premature ovarian failure [13] and with DOR and poor IVF outcomes [14] , perhaps through aberrant regulation of cumulus GC GREM1 expression, as is suggested by our data. Further, the endocrine profiles of these women may be altered, in association with their infertility diagnosis [15] , body mass index [16] , or possible diminished ovarian reserve [17] . These altered endocrine profiles may in turn affect cumulus cell gene expression of folliculogenic factors such as GREM1, again suggesting a mechanism for impaired ovarian function.
We have previously demonstrated down-regulation of gene expression of members of the IGF family in luteinized cumulus GC's and mural GC's in young women with DOR versus control [12] . We hypothesized that this decrease in IGF gene expression in young women with DOR may explain the suboptimal serum estradiol levels during controlled ovarian hyperstimulation that are commonly noted in women with DOR. Here we confirm the association of GREM1 with etiology of infertility, specific to DOR and not related to aging.
The small sample size is an obvious limitation of our study that merits acknowledgement; the sample constraints can however be explained by the stringent exclusion and inclusion criteria that were employed in order to reduce a potential for confounding. Patients were allocated based on early follicular phase FSH levels, a single biomarker of ovarian reserve [12] . Though other biomarkers were not additionally assessed (e.g. anti-mullerian hormone), women evaluated to have DOR based on their FSH level required significantly more ampules of gonadotropin for controlled ovarian hyperstimulation, compared to the controls (data not shown), validating our clinical protocol. Further, the significant finding of decreased GREM1 expression was consistently seen in all DOR patients compared to the controls. In this study, cells for each patient were pooled for RNA isolation, meaning our findings could not be extrapolated to individual oocyte or embryo quality, or pregnancy rates. In a larger study of different design, the association of GREM1 expression in DOR patients with ART outcomes can be evaluated.
In summary, down-regulation of GREM1 was observed in the cumulus GC's of young women with DOR compared to controls. While the causal relationship cannot be elucidated, these observations may reflect an underlying defect in GDF9 or other oocyte-secreted mediators of cumulus physiology, and merit further study.
